The auxin influx carriers auxin resistant 1/like aux 1 (AUX/LAX), efflux carriers pin-formed (PIN) (together with PIN-like proteins) and efflux/conditional P-glycoprotein (ABCB) are major protein families involved in auxin polar transport. However, how they function in responses to exogenous auxin and abiotic stresses in maize is largely unknown. In this work, the latest updated maize (Zea mays L.) reference genome sequence was used to characterize and analyze the ZmLAX, ZmPIN, ZmPILS and ZmABCB family genes from maize. The results showed that five ZmLAXs, fifteen ZmPINs, nine ZmPILSs and thirty-five ZmABCBs were mapped on all ten maize chromosomes. Highly diversified gene structures, nonconservative transmembrane helices and tissue-specific expression patterns suggested the possibility of function diversification for these genes. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to analyze the expression patterns of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes under exogenous auxin and different environmental stresses. The expression levels of most ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were induced in shoots and were reduced in roots by various abiotic stresses (drought, salt and cold stresses). The opposite expression response patterns indicated the dynamic auxin transport between shoots and roots under abiotic stresses. Analysis of the expression patterns of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes under drought, salt and cold treatment may help us to understand the possible roles of maize auxin transporter genes in responses and tolerance to environmental stresses.
Introduction
Plants are constantly challenged by environmental stresses, such as high salinity, drought and cold. Many adaptive mechanisms at different levels, including molecular, cellular and physiological processes, have developed to help plants survive in adverse environmental conditions [1, 2] . Auxin plays a critical role in the temporal coordination of plant tolerance to stress [3] [4] [5] and many environmental stress responses rely on the dynamic distribution of auxin within different plant tissues [6] . From its primary synthesis sites, such as apical meristems and developing leaf tips, auxin flows in an irreversible direction down towards the roots through the stem vascular tissues, and auxin transporters are thought to be involved in this process [7, 8] . Auxin transport proteins in plants are grouped into three major families: auxin resistant 1/like aux1 (AUX1⁄LAX) influx carriers, pin-formed (PIN) (together with PIN-like) efflux carriers and Pglycoprotein (MDR⁄PGP⁄ABCB) efflux/conditional transporters [9, 10] .
The auxin influx carrier, AUX1, belongs to the amino acid permease family of proton-driven transporters, and functions in uptake of indole-3-acetic acid (IAA) into cells [11, 12] . LAX genes, the paralogs of AUX1, maintain auxin distribution pattern against environmental or developmental influences [13] . In Arabidopsis, AtLAX3 is reported to promote the initiation of lateral root primordia by increasing a selection of cell-wall-remodeling enzymes [14] , and a wild cherry Prunus avium gene, PaLAX1, accelerates the uptake rate of auxin into cells and changes the distribution of free endogenous auxin [15] .
The PIN gene family was first cloned in Arabidopsis and functioned as auxin efflux transporter encoding genes [16] . In dicotyledonous Arabidopsis, a number of PIN genes have been studied in detail. The PIN family genes are involved in various developmental processes, including phototropism (AtPIN1, AtPIN3 and AtPIN7), vascular bundle differentiation (AtPIN1), apical embryonic structure specification (AtPIN7), alkaline-stress responses (AtPIN2), lateral root formation (AtPIN2), root hair growth (AtPIN5) and root pattern establishment (AtPIN4) [17] [18] [19] [20] . The PIN family gene expression patterns are currently an important area of research. Previous studies have shown that AtPIN1 and AtPIN4 expression levels are upregulated by a MADS-domain transcription factor [21] and phytohormones, such as brassinosteroid, selectively down-regulate AtPIN4 and AtPIN7 expression [22] . Recently, the ERECTA family genes were found to be essential for AtPIN1 expression during mid-vein formation of future leaf primordia [23] . The expression patterns of ZmPIN1a and ZmPIN1b, two novel putative orthologs of AtPIN1 in maize, have also been analyzed during maize development. ZmPIN5b protein is localized on basal cell membranes and may be involved in vascular tissues differentiation [24] . PIN-LIKE proteins, which have a low (10%-18%) sequence identity with PINs, are the most recently characterized auxin transport family proteins in Arabidopsis and their involvement in auxin transport across the plasma membrane has been well studied in heterologous systems [10, 25] .
An ATP-binding cassette (ABC) transporter family has been reported to be responsible for auxin polar movement at the cell level [26] . In Arabidopsis, AtABCB1 and AtABCB19 are involved in auxin export and AtABCB4 catalyzes auxin import [27] . AtABCB1-mediated auxin efflux is modulated by two partners: PINOID (PID) and TWISTED DWARF1. The phosphorylation of PID determines the auxin transporter activity and enhances AtABCB1-mediated auxin efflux [28] . Furthermore, AtABCB19 participates in auxin-mediated differential tropic responses by interacting with PIN proteins [29] . An Arabidopsis plasma membrane-localized ABC transporter, ABCB21, has been identified as a facultative auxin importer/exporter and it is regulated by cytoplasmic auxin concentration [30] . A monocot rice gene, OsABCB14, has been reported to have a role in auxin transport and iron homeostasis, and this was the first evidence that an ABCB gene had been shown to be involved in iron uptake [31] .
Recently, some auxin transporter family genes have been studied in other species, such as rice, Sorghum bicolor, Populus trichocarpa and Prunus avium [15, [32] [33] [34] . Some PIN and ABCB family genes have already been identified in maize [24, 35] , but the underlying mechanism linking the auxin transporter family gene expression levels and abiotic stresses (salt, drought and cold stresses) in maize is largely unknown. Maize (Zea mays L.) is an important cereal crop, and is the staple food for many people, worldwide. Under natural conditions, high salinity, drought and cold are the major environmental stresses experienced by maize plants [36, 37] . Our work provides comprehensive information on the ZmPIN, ZmPILS, ZmLAX, ZmABCB gene families and investigated the different spatio-temporal expression patterns of these genes under salt, drought and cold stresses. The distinctive spatio-temporal expression patterns of the ZmPIN, ZmPILS, ZmLAX and ZmABCB genes, and their differential responses to salt, drought and cold stresses will become important research areas to increase abiotic stress tolerance in maize.
Material and Methods

Plant Material and stress treatments
Maize (Zea mays L. inbred line B73) seeds (wild-type) were used in this study. B73 seeds were surface sterilized, washed with sterile water, and germinated in petri plates in chamber overnight at 28°C with a photoperiod of 16-h light and 8-h dark and a relative humidity of 60%. Then the seedlings were transferred to nutrient solution (half-strong modified Hoagland), the pH of the nutrient solution was adjusted to 5.6, and nutrient solution was changed every 3 days. 14-day-old seedlings were used for RNA isolation and stress treatment experiments. Then shoots and roots samples of maize seedlings were collected for RNA isolation respectively. For auxin treatment on maize seedlings, 14-day-old seedlings were soaked in nutrient solution with or without (mock treatment) 10μM IAA for 48 hours, then roots and shoots of maize seedlings at different time points were collected for RNA isolation respectively. Experiment was repeated for 5 times with similar results. Stress treatments were performed as follows: in salt stress experiment, the roots of maize seedlings were immersed in nutrient solution containing 150 mM NaCl for 48 hours [37] ; in drought tress experiment, maize seedlings were planted in sand with MS liquid medium for one week, and then not irrigated for 3 days as drought treatment [33] ; for cold treatment, seedlings were put into a 4°C growth chamber for 48 hours [38] . Untreated seedlings were used as controls. Student t-test analysis between mock-inoculated plants and stress-inoculated plants was performed to reveal the differential expression patterns of ZmPIN, ZmPILS, ZmLAX and ZmABCB family genes.
Identification of PIN, PILS, AUX/LAX and ABCB auxin transporter gene families in maize
The Hidden Markov Model (HMM) profiles of the PIN, PILS, AUX/LAX and ABCB auxin transporter gene families (Pfam 01490: Transmembrane amino acid transporter protein; Pfam PF03547: Membrane transport protein; Pfam 03547: Membrane transport protein; Pfam 00005: ABC transporter; Pfam 00664: ABC transporter transmembrane region) were employed to identify the PIN, PILS, AUX/LAX and ABCB auxin transporter families of maize. Pfam 01490 was used for AUX/LAX family identification; Pfam 03547 was used for PIN family; Pfam PF03547 was used for PILS family; Pfam 00005 and Pfam 00664 were used for ABCB family. These five profiles were used to search the complete proteome of maize available in phytozome (http:// www.phytozome.net/). All the obtained sequences were sorted as unique sequences for further membrane transport protein domain search using InterProScan Sequence Search (http://www. ebi.ac.uk/Tools/pfa/iprscan/).
Phylogenetic tree building, intron/exon structure, genome distribution and motif prediction Multiple sequence alignments were performed on the PIN, PILS, LAX and ABCB proteins using ClustalW with the default parameters, and the alignments were then adjusted manually. The information of Arabidopsis and rice auxin transporter encoding genes were listed in S1 Table. The alignments were visualized subsequently by software GeneDoc (http://www.nrbsc. org/gfx/genedoc/), and a phylogenetic tree was constructed with aligned five ZmLAX protein sequences, fifteen ZmPIN protein sequences, nine ZmPILS protein sequences and thirty-five ZmABCB protein sequences using MEGA5.1 (http://www.megasoftware.net/mega5/mega. html) employing the neighbor-joining (NJ) method. The coding sequences (CDS) were obtained from the maize sequencing database. Exon-intron organizations of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were identified by comparing the coding sequences with their corresponding genomic sequences using Gene Structure Display Server (GSDS) software (http:// gsds.cbi.pku.edu.cn/). We drew a map of the distribution of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes throughout the maize genome.
Transmembrane helices structure predictions
The transmembrane domains were estimated using TMHMM2: http://www.cbs.dtu.dk/ services/TMHMM/. The data of all ZmLAX, ZmPIN, ZmPILS and ZmABCB proteins were listed in S1 Fig. 
Expression analysis of maize auxin transporter genes
Spatial-temporal expression pattern analysis of ZmLAXs, ZmPINs, ZmPILSs and ZmABCBs using microarray data for sixty types of tissues and organs housed in the Bio-Array Resource for Plant Biology at the Maize Genetics and Genomics Database (MaizeGDB: http://www. maizegdb.org/expression/) were used. To confirm the microarray data, we chosen four representational tissues and organs including leaves, roots and shoots from two-week seedlings and flowers from two-month plants to test the expression levels of these auxin transporter genes by qRT-PCR methods. The database contains expression as reported by Sekhon et al 2011 mapped to B73 RefGen_v2 [39] . The methods utilized for normalization and to adjust background, as well as detection calls, P-value calculation and adjustment have been described previously [39] . The raw data from the MaizeGDB about these auxin transporter genes is listed in S2 Table. RNA isolation and Quantitative RT-PCR The methods, including RNA extraction from various tissues, reverse transcription and qRT-PCR, were performed according to Shen's work [33] . Total RNA from different tissues or organs including cotyledons, leaves, roots, shoots and flowers were extracted using a Plant RNeasy Mini kit (Qiagen) according to the manufacturer's instruction. DNase I was used to remove any genomic DNA contamination from total RNA. The primers sequences of qRT-PCR are listed in S3 Table. In the experiment of tissues-specific expression analysis, the gene Zm-Actin and 18S rRNA gene were used as internal standards to calculate relative fold differences basing on the comparative cycle threshold Heat map representation was performed using the average Ct value with Treeview 1.6 software to visualize the tissues-specific expression analysis data. The logarithm of expression level compared to ZmACTIN/10000 or 18S rRNA/10000 were used by Treeview to visualize as heat map. The expression levels of ZmACTIN or 18S rRNA genes were defined as log (10000) = 4. Histograms were used to show the data of abiotic stress response experiments. The expression levels of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes under mock treatment were defined as 1. All the expression analysis was carried out for five biological repeats and the values shown in figures represent the average values of these five repeats.
Analysis of auxin and stress-related cis-elements
The promoters (-1500 to -1 bp before ATG) of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes were scanned for auxin and stress-related cis-elements. The sequences data of ZmLAX, ZmPIN, ZmPILS and ZmABCB promoters were obtained from phytozome 10.1. Nine cis-elements were used in this study: dehydration and cold response (DRE/CRT), ABA responsive element (ABRE), ARF1 binding site (AuxRE), SA-responsive promoter element (SARE), environmental signal response (G-box), WRKY binding site (W-box), CAMTA binding site (CG-box), PHR1 binding site (P1BS) and sulfur-responsive element (SURE).
Results
Genome-wide identification of PIN, LAX and ABCB genes in maize
In our study, we used the previously reported PIN, PILS, AUX/LAX and ABCB proteins from Arabidopsis as BLAST queries to search the public genomic database (http://www.phytozome. Table 1 .
The sizes of the deduced ZmLAX proteins varied slightly ranging from 485 amino acids (ZmLAX4) to 651 amino acids (ZmLAX5), the corresponding molecular masses varied from 53.87 kDa to 72.48 kDa, and the predicted isoelectric points varied from 8.39 (ZmLAX3) to 10.10 (ZmLAX5). The sizes of the deduced ZmPIN proteins varied evidently ranging from 264 amino acids (ZmPIN5b) to 746 amino acids (ZmPIN15), the corresponding molecular masses varied from 27.64 kDa to 81.26 kDa, and the predicted isoelectric points varied from 6.96 (ZmPIN5b) to 11.79 (ZmPIN14). The sizes of the deduced ZmPILS proteins varied greatly ranging from 435 amino acids (ZmPILS2) to 1731 amino acids (ZmPILS6), the corresponding molecular masses varies from 15.81 kDa to 63.65 kDa, and the predicted isoelectric points varied from 5.83 (ZmPILS1) to 8.85 (ZmPILS9). The sizes of the deduced ZmABCB proteins varied largely ranging from 388 amino acids (ZmABCB23) to 1540 amino acids (ZmABCB7), the corresponding molecular masses varied from 41.81 kDa to 172.91 kDa, and the predicted isoelectric points varied widely from 4.98 (ZmABCB2) to 9.22 (ZmABCB16). The data suggested that different auxin transporter proteins might function in auxin relocation when plants were exposed to different microenvironments. Table 1 ). Chromosomes 2 and 3 contained the largest number of auxin transporter encoding genes (nine genes in each chromosome), but chromosome 6 only contained one gene. In the monocot, Sorghum bicolor, and the dicot, Arabidopsis, many of the auxin transporter encoding genes were clustered [27, 33] . According to the definition of gene clusters [40] , only two small gene clusters were identified. The first gene cluster consisted of two ZmPIN genes (ZmPIN13 and ZmPIN14) and the second gene cluster consisted of three ZmABCB genes (ZmABCB22, ZmABCB23 and ZmABCB24) (Fig. 1A) . Gene duplication events, including tandem and segmental duplications, are the main contributors to evolutionary momentum [41, 42] . ZmLAX, ZmPIN, ZmPILS and ZmABCB family duplication modes throughout the maize genome were analyzed to uncover the genetic relationships between the different genes. Two segmental duplications occurred in ZmLAX gene family: ZmLAX1/ZmLAX2 and ZmLAX3/ZmLAX5. Interestingly, our data suggested that ZmPIN5a and ZmPIN15 may function as ancestral genes during the evolutionary process. Segmental duplications also occurred between ZmPIN5a and ZmPIN5b/ZmPIN5d, and another two segmental duplications occurred between ZmPIN15 and ZmPIN13/ZmPIN14. There was tandem duplication between ZmPIN13 and ZmPIN14. One segmental duplication occurred in the ZmPILS gene family: ZmPILS7/ZmPILS9, but four segmental duplications were found in the ZmABCB gene family: ZmABCB2/ZmABCB30, ZmABCB9/ZmABCB21, ZmABCB6/ ZmABCB35 and ZmABCB7/ZmABCB34 (Fig. 1B) . ZmPIN, ZmPILS, ZmLAX and ZmABCB protein structure analysis Fifteen ZmPIN proteins have been found in maize and most of them have a classical conservative domain structure, which consists of two hydrophobic domains (V1 and V2) and one hydrophilic loop containing three conserved regions (C1-C3) [43] . The ZmPIN14 and ZmPIN5a proteins only contained one hydrophobic loop and lacked the V1 and V2 regions. Most ZmPIN proteins contained nine or ten transmembrane helices. However, ZmPIN14 and ZmPIN5a only had two transmembrane helices, and ZmPIN15 had three (S1 Fig.) . The ZmPILS proteins shared similar conservative domain structure with ZmPIN proteins, and the ZmPILS1 and ZmPILS2 proteins only had two transmembrane helices. All five ZmLAX proteins contained a highly conserved core region, which was composed of ten transmembrane helices. Amino acid composition analysis indicated that C-terminus of the ZmLAX was prolinerich and the N-terminus of ZmLAX was acidic amino acids-rich. Previous studied have shown that the ABCB family was a subgroup of the ABC transporter superfamily [44] . Multiple sequence alignment showed that most ZmABCB proteins contained a universal structure with a nucleotide binding domain and a transmembrane domain. These two domains were separated by a less conserved linker loop. However, some ZmABCB proteins only contained a nonconservative transmembrane domain, such as: ZmABCB3, ZmABCB8, ZmABCB13, ZmABCB17, ZmABCB18, ZmABCB23 and ZmABCB28 (S1 Fig.) . Phylogenetic analysis of the LAX, PIN, PILS and ABCB family genes A number of studies have revealed the biological functions of the four major auxin transporter encoding gene families in different plant species [30, 31, 45, 46] . Investigation of the evolutionary relationships among maize, Arabidopsis and rice helps us to understand the possible roles in these auxin transporter encoding genes in maize. Some background information on the Arabidopsis and rice auxin transporter genes is listed in S1 Table. Our data showed that the LAX family genes were divided into two subfamilies (I and II). The phylogenetic tree showed that some ortholog genes in maize and rice were more closely related than their equivalents in maize and Arabidopsis. Five ortholog gene pairs existed between the maize and rice LAX gene families: ZmLAX1/OsLAX2, ZmLAX2/OsLAX4, ZmLAX4/OsLAX5, ZmLAX3/OsLAX1 and ZmLAX5/OsLAX3. All the PIN family genes could be classified into three subfamilies (I, II and III), and four PIN ortholog gene pairs were found between maize and rice: ZmPIN1a/OsPIN1a, ZmPIN1d/OsPIN1c/OsPIN1d, ZmPIN10a/OsPIN10a, ZmPIN10b/OsPIN10b, ZmPIN5a/ZmPIN5d/OsPIN5a, ZmPIN8/OsPIN8 and ZmPIN5c/OsPIN5c. One paralog gene pair occurred in the maize PIN gene family: ZmPIN13/ ZmPIN15. The PILS proteins were also grouped into three subfamilies (I, II and III). Three PILS ortholog gene pairs have been found between maize and rice: ZmPILS4/OsPILS1, ZmPILS5/ OsPILS3 and ZmPILS7/ZmPILS8/OsPILS4. The ABCB genes were grouped into four subfamilies (I, II, III and IV). Twelve ABCB ortholog gene pairs were found between maize and rice: ZmABCB4/OsABCB22, ZmABCB16/OsABCB11, ZmABCB15/OsABCB21, ZmABCB32/OsABCB20, ZmABCB33/OsABCB15, ZmABCB13/OsABCB7, ZmABCB17/OsABCB9, ZmABCB10/OsABCB12, ZmABCB11/OsABCB1, ZmABCB22/OsABCB18, ZmABCB24/OsABCB19 and ZmABCB25/ OsABCB5. Totally, four paralog gene pairs existed in maize ABCB gene family: ZmABCB6/ ZmABCB35, ZmABCB30/ZmABCB2, ZmABCB9/ZmABCB21 and ZmABCB7/ZmABCB34 (Fig. 2) .
Tissue-specific expression pattern and exon-intron structure analysis of ZmPIN, ZmPILS, ZmLAX and ZmABCB
The previously reported the involvement of these auxin transporter encoding genes in the control of the auxin influx and efflux polar transport prompted us to investigate the expression levels of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes in different tissues and organs. The microarray data of 60 types of different tissues and organs housed in the MaizeGDB database were used to analyze the spatial-temporal expression pattern of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes. The results showed that most of the auxin transporter genes in maize had tissue-specific expression patterns (S2 Fig.) . To confirm the spatio expression dynamics, qRT-PCR was used to monitor the transcript accumulations of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes in four representational organs. These were the leaves, roots and shoots from 2-week old seedlings and flowers from 2-month old plants.
Most transcripts from the ZmLAX, ZmPIN, ZmPILS and ZmABCB family genes increased in the selected tissues, except for ZmABCB34 (Fig. 3A) , whose expression level could not be detected in any of the tissues and organs. A majority of the ZmPIN, ZmPILS, ZmLAX and ZmABCB genes displayed distinct tissue-specific expression patterns across the four tissues and organs. Our data showed that the ZmLAX gene family transcript abundance was highest in the shoots and lowest in flowers, and that ZmPIN1b, ZmPIN5a, ZmPIN10a, ZmPIN13, ZmPIN14 and ZmPIN15 were present in all representative tissues and organs. However, the rest of ZmPIN genes were more weakly expressed in flowers than in the other organs, except for ZmPIN10a and ZmPIN1d, which showed the lowest expression in roots; and ZmPIN5b and ZmPIN8, which showed the lowest expression in leaves. Most of the ZmPIN genes were preferentially expressed in the shoots. In the ZmPILS gene family, ZmPILS8 and ZmPILS9 were much more highly expressed than the other ZmPILS genes. Within a similar way to the ZmPIN and ZmLAX gene family, ZmABCB gene expression was much higher in the roots, shoots and leaves than in the flowers. The qRT-PCR values of the ZmPIN, ZmPILS, ZmLAX and ZmABCB gene expression levels are listed in S4 Table. The exon-intron structures of the ZmPIN, ZmPILS, ZmLAX and ZmABCB family genes were highly diversified. The ZmLAX family gene exon numbers varied from three (ZmLAX2) to eight (ZmLAX3). Some ZmPIN family genes had similar gene exon-intron organizations, such as ZmPIN1c, ZmPIN1d, ZmPIN8 and ZmPIN1a, ZmPIN1b, ZmPIN10a. Interestingly, three of the ZmPIN family genes (ZmPIN13, 14 and 5b) only contained one exon and no introns. In the ZmPILS gene family, ZmPILS5 also contained one exon and no introns. The exon-intron organization of the ZmABCB genes varied considerably in terms of intron numbers and intron phase (Fig. 3B) . This suggested that the ZmABCB gene structures were shuffled during the evolutionary process [47] .
ZmLAX, ZmPIN, ZmPILS and ZmABCB gene expression regulation by auxin
Auxin transporters regulate auxin relocation during plant growth and development [48] . Exogenous IAA stimulation accelerates or blocks the endogenous auxin transport between different organs [33, 49] . In order to gain a better understanding of how auxin transporter encoding genes are involved in responses to exogenous hormones, we analyzed the expression profiles of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes under 10 μM IAA for 48 hours in the shoots and roots. Total RNA isolated from the shoots and roots of IAA-treated seedlings and control seedlings was subjected to qRT-PCR analysis at different time points (0, 12, 24 and 48 hours). Our qRT-PCR data indicated that most ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were IAA-responsive genes. The expression levels of these genes under IAA treatment are shown in Fig. 4 . The expression change trends for these auxin transporter genes over the 48 hours of IAA treatment were similar. IAA treatment increased ZmPIN5c, ZmPIN14, ZmPIN1c, ZmPIN5d and ZmPIN1a expression levels in the shoots five-fold. In contrast, ZmPIN1d, ZmPIN15, ZmLAX5, ZmABCB16 and ZmABCB27-29 expression levels in the shoots were sharply reduced by IAA treatment (Fig. 4A) . In the roots, IAA treatment up-regulated the ZmPIN5c, ZmPIN1c, ZmPIN1a, ZmPILS3, ZmABCB4 and ZmABCB19 expression levels more than five-fold. However, many genes, such as ZmPIN5b, 5d, 9, 13, 14, and 15; ZmPILS7 and ZmPILS8; ZmLAX4; ZmABCB6, 7, 9, 10, 12, 13 and 24, were considerably down-regulated in the roots by the IAA treatment (Fig. 4B) .
Stress-related cis-elements in the ZmLAX, ZmPIN, ZmPILS and ZmABCB gene promoters
Transcription factor binds to a specific motif that was called cis-element to activate gene transcription in plants [50] . Several cis-elements that are involved in stress responses have been well identified in plants, including dehydration and Cold response (DRE/CRT: RCCGAC) [51] , ABA responsive element (ABRE: YACGTGK) [52] , ARFs binding site (AuxRE: TGTCTC) [53] , SAresponsive promoter element (SARE: TGACG) [54] , environmental signal response (G-box: CACGTG) [55] , WRKY binding site (W-box: TTGACY) [56] , CAMTA binding site (CG-box: VCGCGB) [57] , PHR1 binding site (P1BS: GNATATNC) [58] and sulfur-responsive element (SURE: GAGAC) [59] . Here, we scan the ZmPIN, ZmPILS, ZmLAX and ZmABCB gene -1500bp upstream promoter regions with nine stress-related cis-elements to gain clues on how the these gene expressions are responsive to stresses stimuli.
The stress-related motifs were obviously enriched in the promoter regions of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes. The numbers of stress-related cis-elements in the Table. Expression analysis of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes in response to salt, drought and cold treatment
In order to investigate the potential roles of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes in response to environmental stresses, we analyzed the expression patterns of 64 auxin transporter encoding genes in the shoots and roots under salt (NaCl), drought and cold (4°C) treatment as described in the Materials and Methods section. Untreated seedlings grown in nutrient solution were used as control seedlings.
The roots and shoots produced different ZmLAX, ZmPIN, ZmPILS and ZmABCB expression patterns when they were subjected to the NaCl treatment. Most of the ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were up-regulated in the shoots after 48 hours of NaCl treatment. The only exceptions were ZmPIN5a and ZmPIN10b. However, up-regulation did not generally occur in the roots. Only ZmPIN5c, ZmPIN15, ZmPIN10b and ZmLAX2 were induced by NaCl treatment in the roots. No significant changes in ZmPIN5a, ZmPIN5b, ZmPIN9, ZmPIN1b, ZmLAX5, ZmABCB24-26 and ZmABCB31 expression levels were detected, and the rest genes were significantly down-regulated in the roots. In a similar manner, most of the ZmABCB family genes were also sharply induced (> 100 fold) by NaCl treatment in the shoots, but were significantly down-regulated in the roots (Fig. 5) . After a 3-day period of drought treatment, the expression levels of the ZmABCB genes, half of the ZmPIN and ZmLAX genes were up-regulated in shoots. However, the expression levels of most of the ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were down-regulated in the roots (Fig. 6) .
Most of the ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were induced in the shoots and reduced in the roots by the 4°C treatment after 48 hours. Specially, only ZmPIN5a expression was largely reduced in the shoots and only ZmPIN15 expression was sharply induced expression in the roots (Fig. 7) . The auxin transporter encoding genes were responsive to environmental stresses and the shoots and roots showed opposite expression patterns during salt, drought or cold treatment.
Discussion
Auxin transport plays important roles in maize growth and development, including lateral root initiation and environmental stress resistances [60] [61] [62] . Based on their different functions in auxin transport, the auxin transporter encoding genes are divided into four major families. These were ZmPIN, ZmPILS, ZmLAX and ZmABCB [9] . In our study, we totally identified 65 auxin transporter encoding genes in maize and focused on the expression profiles of ZmLAX, ZmPIN, ZmPILS and ZmABCB genes in order to elucidate how the auxin transporter encoding genes were involved in maize responses to abiotic (salt, drought or cold) stresses.
Characterization and analysis of the ZmLAX, ZmPIN, ZmPILS and ZmABCB gene families in maize Maize (Zea mays L.), a cereal crop with a large genome size (2.3 Gbp), provides food and source of bioethanol worldwide. Our study isolated and characterized the complete ZmLAX, ZmPIN, ZmPILS and ZmABCB family genes in maize [63] . The numbers of LAX, PIN and PILS genes in maize were similar to the numbers of these genes in Arabidopsis, rice and sorghum, but the number of ABCB genes in maize was much higher than that in Arabidopsis, rice and sorghum [33, 64] . Genes that were homologous to Arabidopsis or rice LAX, PIN, PILS and ABCB family genes were present in the maize genome widely. Monocot gene families are always enlarged due to whole genome duplications, which are assumed to occur in the ancestor of monocots about 70 million years ago [25, 65] . The relatively high amino acid identities of the LAX, PIN, PILS and ABCB proteins between maize and the model plants rice and Arabidopsis suggested that all these auxin transporter encoding genes originated from one or several ancestral sequences [66] . As monocots, the phylogenetic relationship between maize and rice is much closer than the phylogenetic relationship between maize and Arabidopsis. Five sister pair genes between maize and rice in the LAX family, four in the PIN family, three in the PILS family and 11 in the ABCB family were identified as ortholog genes with bootstrap values 99%. However, no highly conserved ortholog gene pairs (bootstrap value 99%) between maize and Arabidopsis were identified (Fig. 2) . Interestingly, several monocot-specific PIN, PILS and ABCB genes were present, according to the phylogenetic analysis. The presence of at least one monocot-specific PIN gene has been confirmed by a number of previous studies [24, 34, 67, 68] . The PIN genes from subfamily III were all monocot-specific PINs, which suggests that the monocot PIN family is more divergent than dicot Arabidopsis PIN family [49, 67] . The PILS genes that belonged to subfamily III were also monocot-specific genes. Furthermore, the ZmABCB genes that belonged to subfamily IV showed low sequence homology with any AtABCB or OsABCB genes, and may play specific roles in maize growth and development. ZmLAX, ZmPIN, ZmPILS and ZmABCB proteins contain several transmembrane helices that are similar to the conserved structure of auxin transporter proteins in Arabidopsis and rice [32, 49] . The ZmLAX proteins only have one group of membrane-spanning domains, but no variable middle region (S1 Fig.) . Most ZmPIN, ZmPILS and ZmABCB proteins contain two groups of membrane-spanning domains in the N-and C-termini, and a highly heterogeneous hydrophilic region, which is located at the center of each protein (S1 Fig.) . The PIN protein hydrophilic loop partially modulates the intracellular auxin homeostasis, which is plastic depending on cell type and developmental stage [69] . The presence of the hydrophilic region in maize PIN and ABCB proteins suggested that they had a similar trafficking behavior to the model plants. A combination of phylogenetic and domain structural analyses showed that PIN and ABCB protein functions were conserved between dicots and monocots [70] .
Tissue-specific and auxin response expression pattern analysis of ZmPIN, ZmPILS, ZmLAX and ZmABCB family genes
Tissue-specific expression analysis of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes showed that all these auxin transporter encoding genes were expressed in the leaves, roots and shoots with different intensity. Plant PIN, PILS, LAX and ABCB genes have previously been shown to be involved in growth and development [14, 17, 27] . The differential expressions of most of the maize PIN, PILS, LAX and ABCB genes in different tissues and organs indicated that they were actively involved in regulating growth and development in maize. Specially, most ZmPIN, ZmPILS and ZmLAX genes were highly expressed in the shoots, which suggested that these genes were responsible for long-range auxin transport from the shoot tip to the roots. Previous studies have shown that ZmPIN1a and ZmPIN1b genes were highly expressed in lateral root caps and ZmPIN1c was preferentially expressed in the post-embryonic roots and stems [66] . Our data confirmed that ZmPIN1 homologous genes were highly expressed in the roots, which suggested that they may take part in maize root architecture determination [24] . Some ZmPIN genes also had a developmental stage-specific expression pattern. ZmPIN1a and ZmPIN1b were always expressed in the lateral developing primordia of the shoot apical meristem, tassels, ears and in the inner core of the meristems [24, 71] . ZmLAX1, a close maize homolog of AtAUX1, showed expression in the tips of primary roots and leaf primordia [72] . However, a further investigation was required to uncover that how these auxin transporter genes were participated in the development regulation under different developmental stages.
Auxin plays important roles in various developmental processes and its transport between different tissues is mediated by influx (AUX/LAX and ABCB) and efflux (PIN, PILS and ABCB) carriers [73] . To determine whether these auxin transporter encoding genes were also involved in phytohormone signaling, we analyzed expression profiles of these auxin transporter gene families under various phytohormone treatments. In Arabidopsis, AtPIN6 is expressed in specific cell and tissue types, and can be induced by auxin by repressive chromatin modification. [74] . The auxin influx genes, AtLAX1 and AtLAX3, were induced obviously in the roots after auxin treatment [75] . AtABCB4 is up-regulated by 2,4-D application [76] and AtABCB1, which is located in the shoot and root apices, is also induced by IAA treatment [77] . In rice, OsABCB14, which is involved in auxin transport and iron homeostasis, also rapidly responded to exogenous auxin [31] . In maize, ZmABCB35 (GRMZM2G085236), present closest sequence similarity to OsABCB14 [70] , may be also involved in iron uptake and homeostasis. OsPIN1a expression showed a five-fold increase after IAA treatment [32] . Some maize auxin transporter encoding genes were also found to be responsive to auxin stimuli in both the roots and shoots, which is similar to the responses in Arabidopsis and rice. The OsPIN1a ortholog gene in maize, ZmPIN1a and ZmPIN1c, were also showed significantly up-regulated expression after IAA treatment (Fig. 4 ). An ortholog of AtABCB1 in maize, Dwarf Brachytic2, has been reported to be involved in auxin efflux out of meristematic regions in the shoots and roots. Meanwhile, br2 mutant reduced auxin export out of the shoot apex [70] . The expression of BR2, which was renamed ZmABCB4 in our study, was induced by IAA treatment in both the roots and shoots. These results suggested that maize auxin transporter genes may be regulated by an auxin feedback mechanism.
ZmLAX, ZmPIN, ZmPILS and ZmABCB genes were involved in salt, drought and cold stress responses
Auxin mediates various abiotic stress responses in plants by controlling a large number of auxin-responsive genes that are thought to be involved in abiotic stress responses [78] . It has been reported that various environmental and abiotic signals can change auxin distribution by modulating trafficking and PIN protein polarities [79] . In our study, the expressions of most ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were up-regulated by high salinity and drought in the shoots, but were down-regulated in the roots. The involvement of these genes in the salt and drought stress responses and their similar expression patterns suggested that the expressions of these auxin transporter encoding genes were regulated by the same physiological signal. High salinity and drought are the major causes of the changes in osmotic pressure in plant cells [80] , so it is possible that these ZmPIN, ZmPILS, ZmLAX and ZmABCB genes may regulate maize responses to osmotic stress [81] .
Cold stress is one of the major limiting factors on crop growth and productivity [80] , and many studies have shown that there is a relationship between auxin and cold stress [82, 83] . Cold stress affected plant growth and development regulation is closely linked to the intracellular auxin gradient, which is controlled by polar localization and the intracellular trafficking of auxin transporters [84] . For example, the asymmetric AtPIN3 and AtPIN2 protein redistribution and intracellular cycling were blocked by cold stress [85] . The immobilization of PINs during cold stress provides a mechanistic basis to explain the role auxin plays in regulating plant growth and development under low temperature stress [84] . The expression levels of most ZmPIN, ZmPILS, ZmLAX and ZmABCB genes were also changed by cold treatment, which suggested that these auxin transporter encoding genes may function in the mechanism that helps maize tolerate cold stress. Promoter cis-elements analysis showed that several stress-related motifs were present in the ZmPIN, ZmPILS, ZmLAX and ZmABCB gene promoter regions (S5 Table) . It may be the genetic basis of stress expression regulation in these auxin transporter genes [86] .
Some auxin transporter genes have already been reported to be involved in responses to abiotic stresses (such as high salinity, drought, cold and alkaline stress). In Arabidopsis, AtPIN2 helps roots adapt to alkaline stress by modulating root tip proton secretion [18] . In salt-stressed plants, more lateral root (LR) primordia were induced during the pre-emergence to the emergence stages than the control plants. However, the stress-induced lateral root emergence and proliferation almost were abrogated in the auxin transporter mutant aux1-7 [87] . The expression of a sorghum gene, SbLAX4, was dramatically reduced under various abiotic stresses [33] . These results provide genetic and physiological evidence that auxin influx carriers are involved in the response to environmental stresses. The ZmPIN, ZmPILS, ZmLAX and ZmABCB gene expression profiling changes may accelerate or decelerate the transportation of endogenous auxin. Auxin redistribution is an essential process for plant to survive in the challenge environments. For example, the AtSOS3 gene controls lateral root developmental plasticity and low salt stress adaptation\ by regulating auxin redistribution and transport [88] . The opposite expression response patterns highlighted the dynamic auxin transport processes that occur between the shoots and roots. Auxin transport and redistribution may be required for maize is responded to abiotic stresses. Further studies, including the biological function identification and genetic analysis of each maize auxin transporter, will improve our understanding of the relationship between auxin transporters and abiotic stresses.
Conclusions
Auxin has a fundamental role in plant development and its polar transport across cellular membranes is the key process for responses to environmental stimuli. In our study, the auxin transporter coding gene families, ZmLAX, ZmPIN, ZmPILS and ZmABCB, were well identified in maize, and the expression profiles of these genes under exogenous hormone treatments or abiotic stresses were also elucidated. The different expressions of ZmPIN, ZmPILS, ZmLAX and ZmABCB genes suggested different regulatory roles of these genes in maize tolerance to abiotic stresses. The opposite expression patterns of these auxin transporter genes in the shoots and roots under abiotic stress indicated that auxin homeostasis was an important component of the maize responses to environmental stresses. 
Supporting Information
